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Bipolar Transistor Structures
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Figure 3.1 Simple geometry of bipolar transistors: {a) npn and {b) pnp
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Figure 3.2 Cross section of a conventional integrated circuit npn bipolar transistor
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Forward-Active Mode in the NPN Transistor
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An npn bipolar transistor biased in the forward-active mode
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Minority carrier electron concentration across the base region of an npn bipolar
transistor biased in the forward-active mode
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Currents in Emitter, Collector, and Base

Emitter Current: Exponential function of the BE voltage

Collector Current: Ignoring the recombination in the base region (the base width is very tiny,
micrometer), the collect current is proportional to the emitter injection current and is
independent of the reverse-biased BC voltage. Hence, the collector current is controlled by
the BE voltage.

Base Current: _
v BE forward-biased current lg; "Ny >> N, g

v' Base recombination current |z, : :
o.o IC >> IBl,

. o =g +ic ~ig +ic
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Electron and hole currents in an npn transistor biased in the forward-active
mode
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Common-Emitter Configuration

!L — ,B Common-emitter current gain
lg
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The power supply voltage Vcc
must be sufficiently large to
keep BC junction reverse
biased.
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An npn transistor circuit in the common-emitter configuration
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Example 3.1 Objective: Calculate the collector and emitter currents, given the
base current and current gain.

Assume a common-emitter current gain of 8= 150 and a base current of
ip = 15pA. Also assume that the transistor is biased in the forward-active mode.

Solution: The rclation between collector and base currents gives

ic = Bip = (150)(15pA) = 2.25mA

and the relation between emitter and base currents yields ¢
i =+ B)p=(51)(15pA) = 2.27mA B
From Equation (3.11), the common-base current gain is 2 z
E
B 150 liE
YET1+p 151

Comment: For reasonable values of 8, the collector and emitter currents are nearly
equal, and the common-base current gain is nearly 1.
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Forward-Active Mode in the PNP Transistor
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Electron and hole currents in a pnp transistor biased in the forward-active mode

LR TR S Electronics |, Neamen 3th Ed.



Circuit Symbols and Conventions
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The arrowhead is

b
@ (b) always placed on
npn bipolar transistor: {a) simple block diagram and ({b) circuit symbol | the emitter terminal,

and it indicates the
Tic direction of the
C Tic emitter current.
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pnp bipolar transistor: {a) simple block diagram and (b) circuit symbol
LR T Electronics |, Neamen 3th Ed. 8



"‘l—
I
pe §Rc
+ —_ +|\:’tiE +
Iz O T
(@)

and {c) with a pnp transistor biased with a positive voltage source

Common-Emitter Circuits
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Common-emitter circuits: (a) with an npn transistor, {(b) with a pnp transistor,

Table 3.1 Summary of the bipolar current—voltage relationships in the active region

npn

pnp

ip = ISeVBE/VT
iC = aFiE = QfF]SevﬂE/VT

— I_C — aFIS e"BE/VT

BB By

I:C = Brip
ig =(1+ Brlig

iC = ﬁF IE = aF‘iE
1+ B¢

For both transistors

ip = [Se"m/ Vr

.l"C' = O‘.’FfE = CYFISe

Ipn =
5T B Br
_ Br
1+ 8
o
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Current-Voltage Characteristics for CB Voltage

O The collector current is nearly
independent of the CB voltage
as long as the BC junction is
reverse biased.

ich
- Forward-active mode - Figure 3.11 Common-base circuit configurations: {a) an npn transistor and (b) a pnp

; Opigs transistor
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Figure 3.12 Transistor current—voltage characteristics of the common-base circuit
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Current-Voltage Characteristics for CE Voltage

O For forward-active mode, the BC junction must be reverse biased, which means that Vce
must be greater than approximately Vbe(on). There is a finite to the curves.

i (MAY A | Forward-active mode .-
ip=30nA
ir 25__
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Figure 3.13 Transistor current—voltage characteristics of the common-emitter circuit
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Early Voltage
O When the current-voltage characteristic curves are extrapolated to zero current, they meet
at a point on the negative voltage axis at Vce=-Va, the early voltage.

O The slope of the curves indicates that the output resistance looking into the collector is
finite. The resistance is not critical in the dc analysis.

1 dig
o aVCE Vgg =Const.
V, |
~_ A Lo A

ro - I ! - Forward-active VBE= -

C | mode

. e

| . : the quiescent collector current VBE= --.

-/___,.- "PBE:...

Current—voltage characteristics for the common-emitter circuit, showing the
Early voltage
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Leakage Currents

| cio - the normal leakage current in the reverse-biased BC pn junction

|CEO : the BE current which is is induced by the forward-biased BE pn junction

lceo = A ceo + 1o

|
leeo =22 = (1+ )l oo

l-«a
A, P : { 07 A0 p : { /05

/ // || ¥ r . 7, CEO 7711 [ | [t e e
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@ open-emitter (b) Open-base
configuration configuration
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Breakdown Voltage

Common-Base Characteristics
For the curves in which I > O, breakdown begins earlier. The carriers flowing across the
junction initiates the breakdown avalanche process at somewhat lower voltages.

el |
Forward-active mode

2= IU

|

f ig=Igy

| —/

| /

|

| /

| ) )

| _/ Emitter Is

'[-:—-- 0 | Yep

0.2-03V BYcpo

Figure 3.16 The /. versus v-g common-base characteristics, showing the collector-base
junction breakdown
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Breakdown Voltage
O Common-Emitter Characteristics
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Figure 3.17 Common-emitter characteristics showing breakdown effects

LR T Electronics I, Neamen 3th Ed. 15



DC Analysis of Common-Emitter Circuit for NPN

Vi — Ve (0N
IB: BB RZE( ) and IC:ﬁIB
VCCZICRC"'VCE — VCE :VCC_ICRC

. —
i R -
—AMA—o Ie
—~
7 Bip +
: F \ ALY gRC
N Y Vpg (on) -
Vep — B .
] ; = Ve
E ‘
=
(@) (b)

{a) Common-emitter circuit with an npn transistor and {b) dc eguivalent circuit,
with piecewise linear parameters
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Example 3.3 Objective: Calculate the base, collector, and emitter currents and Uoal UM

the C-E voltage for a common-emitter circuit
For the circuit shown in Figure 3.18(a), the parameters are: Vpy =4V, Ry = S
220kQ, R =2kQ, Ve = 10V, Vpg(on) = 0.7V, and 8 = 200. Figure 3.19(a) shows c=
the circuit without explicitly showing the voltage sources. RB — 990 kO
Vgg =4V o
Solution: Referring to Figure 3.19(b), the base current is found as |
Vg — Vpeglon) 4—0.7 Vee=10V =
Ig = = 15 uA f
B Ry 0 = P a)
The collector current is l Ic=plp
=3mA

I = BI; = (200)(15pA) = 3mA

and the emitter current 1s V=4V Vee= 104— \(/3)(2)
I = (1 +B)- Iy = (201)(15pA) = 3.02mA Ip= 207 Vp07v]
From Equatjon (3.23(b)), the collector-emitter voltage is =15 pA l IE ;(I)g;’;f

Vee = Vee —IcRc =10 -(3)(2) =4V =
(b)
Comment: Since Vg > Vpp(on) and Vg > Vgg(on), the transistor is indeed biased
in the forward-active mode. As a note, in an actual circuit, the voltage across a B-E
junction may not be exactly 0.7V, as we have assumed using the piecewise linear
approximation. This may lead to slight inaccuracies between the calculated currents
and voltages and the measured values. Also note that, if we take the difference between
Iz and I, which is the base current, we obtain Iy = 20 pA rather than 15pA. The
difference is the result of roundoff error in the emitter current.
LRI U A Electronics I, Neamen 3th Ed. 17



DC Analysis of Common-Emitter Circuit for PNP

_ Vg —Veg(on)
Rg

I andlc =flg

Vec =Vee - IcRe

Rp B
—AMA—
..‘_

Ip

_ /

Vpp —
+
(@) (b)

{a) Common-emitter circuit with a pnp transistor and {b) dc eguivalent circuit
using piecewise linear parameters
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Example 3.4 Objective: Analyze the common-emitter circuit with a pnp tran-
sistor.

For the circuit shown in Figure 3.21(a), the parameters are: Vgy = 1.5V, Ry =
580k, Ve =5V, Viglon) =0.6V, and 8= 100. Find 7, I, I, and R such that

Rp=580kQ

Vee = ($)Vece.
EC (2) cC VBB =15V % VVVY
Solution: Writing a Kirchhoff voltage law equation around the E-B loop, we find the 4_

Ip
base current to be
VCC — VEB(OH) — VBB 5 e 06 = ]5
5 R, ss0 oM “
Th ) l ’[E = IC + IB
e collector current is + =0.505 mA
Io = Bl = (100)(5nA) = 0.5mA Rp=580kQ Of N +
and the emitter current is Vgp =+1.5V O VYV Vec =25V
B _
Ip = (1 + B = (101)(5 pA) = 0.505mA =6-06-15
g=(+plp=(101)(5uA) s 580 k&2 l Ie=BIz=05mA
For a C-E voltage of Vge =3 Vee =25V, Re is = ISpA _5-25
vV, |4 5—-2.5 ) e
Re=—S_£C_— —"" _5kQ Re

Ic 0.5

Comment: In this case, the difference between Vi and Vpp is greater than the tran-
sistor turn-on voltage, or (¥Vec — Vigg) > Veg(on). Also, because Ve > Vigg(on), the
pnp bipolar transistor is biased in the forward-active mode.

Discussion: In this example, we used an emitter-base turn-on voltage of Vgg(on) =
0.6V, whereas previously we used a value of 0.7 V. We must keep in mind that the turn-
on voltage is an approximation and the actual base—emitter voltage will depend on the
type of transistor used and the current level. In most situations, choosing a value of
0.6V or 0.7V will make only minor differences. However, most people tend to use the
value of 0.7 V.

R SR Electronics |, Neamen 3th Ed.
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Load Line

VCE — Vee T ICRC
Vee _VCE _ 5_VCE

I =
R R 2

VBB = 4 V
ic (mA) 4 ’47Forward-acﬁvc mode 4><
30
6 —
5 Saturation
5
Io (saty —
4
ip (LA) A
@ ~ 182 Quiescent base 1
Rp \ / current and
132:15 - B—E voltage
2
B-E junction = Load line i
characteristics
\ Cutoff
' . 0 -
0| Vpglon)=0.7V Vep =4V g Vep (V)
Ve (sat)
(@) (b}
(a) Base—emitter junction characteristics and the input load line and
{b) common-emitter transistor characteristics and the collector—emitter load line
LR T Electronics |, Neamen 3th Ed. 20



Example 3.5 Objective: Calculate the currents and voltages in a circuit when the
transistor is driven into saturation.

For the circuit shown in Figure 3.23, the transistor parameters are: 8= 100, and
Vae(on) = 0.7 V. If the transistor is biased in saturation, assume Veg(sat) = 0.2V.

Solution: Since 48V is applied to the input side of Rp, the base—emitter junction is
certainly forward biased, so the transistor is turned on. The base current is

VBB C VBE(OII) . 9 0.7

7 55— = 332MA

IB=

If we first assume that the transistor is biased in the active region, then the collector
current is

Ic = BIz = (100}(33.2pA) = 3.32mA
The collector—emitter voltage is then
VCE = VCC - ICRC = 10 - (3.32)(4) == —328 V

However, the collector-emitter voltage of the npn transistor in the common-emitter
configuration shown in Figure 3.23(a) cannot be negative. Therefore, our initial assump-
tion of the transistor being biased in the forward-active mode is incorrect. Instead, the
transistor must be biased in saturation.

As given in the “objective” statement, set ¥ g(sat) = 0.2V, The collector current is

Vee — Veg(sat 10—-0.2
I = Ic(sat) = —<5 RCCE( ) _ 2

=2.45mA

Assuming that the B-E voltage is still equal to Vgg(on) = 0.7V, the base current is
Iz = 33.2 pA, as previously determined. If we take the ratio of collector current to base
current, then

Ie 245

w_ =~ _ 9
I 0.0332 4<p

The emitter current is

RN S TR A Electronics |, Neamen 3th Ed.

+10V

8V Vep=10-(3.32)4)
Tasor Sy oY
B= 20k . x
=332 A Not
possible
(b)
+10V
10-0.2
I-= e
e
=245 mA
+
+8V Ve = Vep(sat)
- =02V
Iz=3324A 07V
- l IE = IC + IB
=2.483 mA
(c)
21



Bipolar DC Analysis Technique
Analyzing the dc response of a bipolar transistor circuit requires knowing the
mode of operation of the transistor. In some cases, the mode of operation may
not be obvious, which means that we have to guess the state of the transistor,
then analyze the circuit to determine if we have a solution consistent with our
initial guess. To do this, we can:

1. Assume that the transistor is biased in the forward-active mode in which
case Vgg = Vgp(on), Iz > 0, and I = Bl.

2. Analyze the “linear” circuit with this assumption.

3. Evaluate the resulting state of the transistor. If the initial assumed pa-
rameter values and Vp > Vg(sat) are true, then the initial assumption
is correct. However, if Iz < 0, then the transistor is probably cut off, and if
Veg < 0, the transistor is likely biased in saturation.

4. If the initial assumption is proven incorrect, then a new assumption must
be made and the new “‘linear’ circuit must be analyzed. Step 3 must then
be repeated.

Yoo

Inverse-active Saturation

Yer
Cutoff Forward-active

Bias conditions for the four modes of operation of an npn transistor
RN ST I Electronics |, Neamen 3th Ed. 22



Voltage Transfer Characteristics

" EXAMPLE 5.6

- Objective: Develop the voltage transfer curves for the circuits shown in Fig-
ures 5.27(a) and 5.27(b).
Assume npn transistor parameters of Vgg(on) = 0.7 V, 8 = 120, Vg(sat) =
02V, and V4 = oo, and pnp transistor parameters of Vep(on) = 0.7 V, 8 = 80,
Vie(sat) = 0.2 V, and V4 = o0.

Vi=+5V Vi =+5V

(b)

Figure 5.27 Circuits for Example 5.6; (a) npn circuit and (b) pnp circuit

Solution (npn transistor circuit): For V; < 0.7V, the transistor Q,, is cut off, so that
Iy = Ic = 0. The output voltage is then Vo = Vt =5 V.

For V; > 0.7 V, the transistor Q,, turns on and is initially biased in the forward-
active mode. We have
V=07

Iy =
Rp
vl < Bia ok kv Electronics I, Neamen 3th Ed.
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~and
VvV, —0.7
1c=ﬂ13=ﬁ( 1R )
B

Then

BV, —0.T)Rc
Rp
- This equation is valid for 0.2 < Vp < 5 V. When V = 0.2 V, the transistor Q,, goes
' into saturation. When Vo = 0.2 V, the input voltage is found from
' (120)(V; — 0.7)(5)
150
éwhich yields V; = 1.9 V. For V; > 1.9V, the transistor Q, remains biased in the sat-
 Uration region.
. The voltage transfer curve is shown in Figure 5.28(a).

V0=5—IcRC=5—

02=5-

- Solution (pnp transistor circuit): For4.3 < V; < 5V, the transistor Q, is cut off, so
“that Iy = I = 0. The output voltage is then Vp = 0.

. For V; < 4.3V, the transistor Q, turns on and is biased in the forward-active
mode We have

; 5-07) -V,
4 RB
LR T Electronics I, Neamen 3th Ed.
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and

5-07) -V
e = Bly = ﬁ[ ’}
Rp
The output voltage is then
5-07) -V
Vo = IcRe :,BRC|: !
Rp

This equation is valid for 0 < Vy < 4.8 V. When V = 4.8V, the transistor Q‘
1nto saturation.
When V; = 4.8V, the input voltage is found from

5-07 -V
200
which yields V; = 2.8 V. For V; < 2.8 V, the transistor 0, remains biased in

uration mode.
The voltage transfer curve is shown in Figure 5.28(b).

4.8 = (80)(8) 1:

v() (V ) - VO (V )
Cutoff Saturation
5 5 | Al =}
| 4.8
|
|
|
|
|
| Active .
: Active
|
|
|
|
| . ot
| Sdtuinon Cutoff
02— J. T - | ]
0 0.7 1.9 5 Vi (V) 2.8 43 5 V, (V)
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Example 3.6 Objective: Calculate the characteristics of a circuit containing an
emitter resistor.

For the circuit shown in Figure 3.26(a), let Vgg(on) = 0.7V and 8 = 75. R =04kQ l Ie
Solution: Rp=25kQ +
Q-Point Values: Vgg=6V O AN Ve
Writing the Kirchhoff’s voltage law equation around the B-E loop, we have — + _

IB Vv
Vep = IgRp + Vpplon) + IpRp (3.29) o

Assuming the transistor is biased in the forward-active mode, we can write [p =
(1 + B)Iz. We can then solve Equation (3.29) for the base current:

. VBB — VBE(OH) . 6—0.7
BT R+ + PRy 25+ (76)(0.6)

The collector and emitter currents are +12V
I = BIz = (75)(75.1 pA) = 5.63mA

= 75.1 pA

and I =BI
Re=04kQ l c =Pl
I = (1 4+ BIg = (76)(75.1 pA) = 5. 71 mA =5.63 mA
Referring to Figure 3.26(b), the collector-emitter voltage is Rp=25k +
Vep = Vee — IcRe — IpRy = 12 — (5.63)(0.4) — (5.71)(0.6) 1OV O VWV i VfE =”1(?5.;1(;5('g.3g)(0'4)
or Ipg=751uA 07V _ =632V
Rp =06k =571 mA

LR T Electronics I, Neamen 3th Ed. 26



Load Line:
We again use Kirchhoff’s voltage law around the C-E loop. From the relationship
between the collector and emitter currents, we find

Veg = Vee — I [RC + (HT‘S)RE] =12- IC[OA + (%) (0.6):|

or

Ver = 12 — 1.(1.01)

The load line and the calculated Q-point are shown in Figure 3.27. A few transistor
characteristics of I versus Vg are superimposed on the figure.

i~ (mA) A
¢ iC(max)=%1:11.9mA

12

10—

81—

Q-point

- 6 ___
feg =563 mA Ipp=75.1 A

4

2

l I »
8 10 12 veg (V)
6.32V

Figure 3.27 Load line for the circuit in Figure 3.26
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Example 3.7 Objective: Calculate the characteristics of a circuit containing both V=5V

a positive and a negative power supply voltage. _
For the circuit shown in Figure 3.28, let Vgg(on) = 0.65V and B = 100. Even
though the base is at ground potential, the B-E junction is forward biased through Rc=0-5m§ ll’c
Rgand V. I
B +
Solution: —
Ve
O-Point Values: * -~
Writing the Kirchhoff’s voltage law equation around the B-E loop, we have = Vae
0= VBE(OI]) + IERE + V-
RE= 1kQ2 § l IE
which yields
-V -V —(—5) —0.65
Ig = zeon) _ —(79) =435mA =Sy Va5V
RE 1 o
The base current is § B
Re=05kQ l Ic= ( )1
Ip=—E %3 431 : M)
B_l—}—ﬁ_l()l dp I =431 mA
‘ Ip= =43.1 uA
and the collector current i1s L+p At
—_—
8 100 | Ver =5-(=5) - (431)(05) - (4.35)(1)
Ir=—Hr=|—] (4. = 4.31 mA =
C (H_ﬁ £=\1pp) 430 =43Im L 065w ) - 3.50 V
Referring to Figure 3.28(b), the C-E voltage is B - (0.65)— (=5)
Veg =V —IcRc —IgRg — V- L l E 1k
=435 mA

or
Veep =5 —(4.31)(0.5) — (4.35)(1) — (—5) =3.50V V =5V

LR T Electronics I, Neamen 3th Ed. 28



Load Line:
The load line equation is

1 : 101
Vep=(VT—V7) — IC[RC + (%ﬁ)REI =(5—(=95) — IC[O.S + (1%0)(1)]

or
VCE = 10 - Ic(l.SI)

The load line and the calculated Q-point are shown in Figure 3.29.

ic (MA) 1\
8 -
6 -
i Q-point
lrnp =431 mA—H
. e i Igg=43.1 tA
Y I
I
|
2r |
I
I
1 I 1 ! I i I 1 I i -
0 2 | 4 6 8 10 veg (V)
VCEQ=3'5 V

Figure 3.29 Load line for the circuit in Figure 3.28
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'DESIGN EXAMPLE 5.9
.;l;:Objective: Design the common-base circuit shown in Figure 5.35 such that
IEQ =0.50 mA and VECQ =4.0V.

/* Assume transistor parameters of 8 = 120 and Vgg(on) = 0.7 V.

?Solution: Writing Kirchhoff’s voltage law equation around the base—emitter loop
f(assuming the transistor is biased in the forward-active mode), we have

I
V+ = IEQRE + VEB(OH) + (1 EQ )RB

+ B
H e
or T
; EQ
| 5=(0.5)Rg +0.7 + 0> (10)
poTERET T 12 g R
which yields
. Rp=8.52kQ J
g +
* We can find Vi=5V

co=(-2- V10 = (12°) 05) = 0.496 ma
2= \1+8/) 9 121

ENow, writing Kirchhoff’s voltage law equation around the emitter—collector loop, we

“have
V¥ =1lggRe + Veco + IcogRc + V™

: 3= (0.5)(8.52) + 4 + (0.496) R + (—5)
“which yields
 Re=351kQ
LA T A T Electronics |, Neamen 3th Ed.
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V- =-5V
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Design Example 3.8 Objective: Design a pnp bipolar transistor circuit.
For the circuit shown in Figure 3.33(a), let Vgg{on) = 0.6 V and 8 = 60. Design the

circuit such that Veco =2.5V. Vit =5V
Solution:
Q-Point Values: Re=2kQ l p
Writing the Kirchhoff’s voltage law equation around the E-C loop, we obtain .
V' =IgRe + Vic Vs
Rp B I/ +
or VBB = “2 V O~ ’\AM |\VEC
S=1:(2)+2.5 -
which yields 7 = 1.25mA. The collector current is lIC
Ic = [B/(1 + B)IE = [(60)/61](1.25) = 1.23mA =
The base current is 5V
Ip =1Ig/(1 4 B)=1.25/61 =0.0205mA
Writing the Kirchhofl’s voltage law equation around the E-B loop, we find Rp=2kQ l Ig= > _22'5
V+ = [ERE + VEB(OH) + IBRB + VBB N = 1.25 mA
or Ry=190k 06V )+
5 =(1.25)(2) + 0.6 + (0.0205)Rz + (—2) O—N\AN—I:VEC =25V
I -
i i = I
which yields Rz = 190 k2. =~ ::ﬁ 205 uA )
l fe= ( 1+8 ) e
_ =1.23 mA

LR T Electronics I, Neamen 3th Ed. 31



Load Line:
The load line equation is

1
Vee = VY —IeRg = V+—IC( —;ﬁ)RE

or

61

Vie=5—1I, ("66)(2) =5 1.(2.03)

The load line and calculated Q-point are shown in Figure 3.34.

ic (mA) | 5 46 mA
]C(max)-%— 46 m

2.5

20

1.5 Q-point
ICQ =123 mA—
f
05 ; \
!
N R ! Lo .
0 1 2 [ 3 4 5 vee (V)

VECQ = 25 V

Figure 3.34 Load line for the circuit in Figure 3.33
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V=412V
Example 3.9 Objective: Calculate the characteristics of an npn bipolar circuit
Ro=5k0 % l 1

with a load resistance. The load resistance can represent a second transistor stage con-
nected to the output of a transistor circuit.
For the circuit shown in Figure 3.36(a), the transistor parameters are: Vgg(on) =

~
0.7V, and 8 = 100. Make Thevenin'
Solution: equivalent circuit \\ lIC ILl
1 ~
Q-Point Values: for load line L
Kirchhoff’s voltage law equation around the B-E loop yields Rp =10 k02 ‘\/
. + &3

IBRB + VBE(OH) + IERE +V =0 = Ip VBE_ B

Again assuming I; = (1 + B)I, we find
Vo4V 5+0.7 R gy
I = (V" + Vpe(on)) _ —(=5+0.7) s 8.351A +12V
Rp+(1+pPRg 104 (101)(5) v sy
The collector and emitter currents are Re=5kQ 11 1 =ic+1;
=1.63 mA
Ic = BIg = (100)(8.35 uA) = 0.835mA
i ’ 0V, =391V
an
le=Ply l R, =5kQ -—-0782mA

Ig = (1 + B)lg = (101)8.35pA) = 0.843 mA = 0.835 mA £

At the collector node, we can write =
Rg=10kQ
Vt—vVe Vo A Veg =47V
-5 -, =—9_ 0 M

fe=h—1 Re R, JT- Ip=8.35 pA o7+v}\ -

or ) l Ig
12-Vy Vo _
0.835 = - _ Ig=(+p) 1
5 5 Re=SK2 2 _(843mA

Solving for Vy, we get Vi, =3.91 V. The currents are then /; = 1.62mA and /; =
0.782mA. Referring to Figure 3.36(b), the collector-emitter voltage is 5

Veg = Vo — IgRe — (—5) = 3.91 — (0.843)(5) — (=5) = 4.70V
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Load Line:

The load line equation for this circuit is not as straightforward as for previous circuits.
The easiest approach to finding the load line is to make a “Thevenin equivalent circuit”
of Ry, R, and V1, as indicated in Figure 3.36(a). (Thevenin equivalent circuits are also
covered later in this chapter, in Section 3.4.) The Thevenin equivalent resistance is

and the Thevenin equivalent voltage is

Vg — LV = AN =6V
TH (RL + RC) (5 + 5) (12

The equivalent circuit is shown in Figure 3.36(c). The Kirchhoff voltage law equation
around the C-E loop is

101
VCE = (6 e (—5)) = ICRTH e [ERE =11 -— IC(Z'S) — IC(F)E) . (5)

[~ (mA
or ie (MA) g

1.50
Vep = 11 — Io(7.55)

10 Q-point

Irp =0835 mA —|| e
Ipp = 835 pA

0.5+

6 8 10 12,

Load line for the circuit in Figure 3.36(a)
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Transistor Circuit Application: Switch
O Cutoff and Saturation

Cutoff:
V, <Vg(on), i;=1.=0
Vo :VCC
Saturation:
Vi =V, Re/IR. <P
VO :VCE(ﬁt) TVCC'
i~ v _VBE (On)
g =
Ry
| = |C($t) — VCC VCE(Sa't)

An npn bipolar inverter circuit used as a switch
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EXAMPLE 5.12

Objective: Calculate the resistances R and R, and power dissipated in the transistor
for the bipolar inverter switch shown in Figure 5.49. The transistor is used to turn the
light-emitting diode (LED) on and off. The required LED current is /c = 12 mAto
produce the specified output light.

Assume transistor parameters of 8 =50, Vgg(on) = 0.7 V, and Vcg(sat) =
0.2 V, and assume the diode cut-in voltage is V), = 1.5 V. [Nore: LEDs are fabricated
with compound semiconductor materials and have a larger cut-in voltage compared
to silicon diodes. |

Solution: For v; = 0, the transistor is cut off so that /3 = I = 0 and the LED is

also off. ’
For v; = 5V, we require /c = 12 mA and want the transistor to be driven into

saturation. Then
Vt — (V, + Vee(sat)) . 5—(1.5+0.2)

R = 2 > pr 25 Vv
or
R =0.275kQ =275 ’fl §R
Wemay let Ic/I5 = 20. Then Iz = 12/20 = 0.6 mA. Now .
gy o V= Vaslon) 507 LED Y —~
_ Iy 0.6 R,
or Ui D—W’i
Rp =717k I,
- The power dissipated in the transistor is ’ |

P =1IpVge(on) + IcVee = (0.6)(0.7) 4+ (12)(0.2)

o h Ed.

P=282mW

Light
output



Transistor Circuit Application: Digital Logic

O Bipolar Inverter
Voc=5V

L

~—0 ?,0

Rp
Fr o—M}W—'

O Multiple-input NOR gate

$ o ¥,
Ry ) Tex Ry ) I
Vi 21 V3 05
—_— —_—
I Ip

LR TR S Electronics |, Neamen 3th Ed.

Table 3.2 The bipolar NOR
logic circuit response

i) e  VoV)

0 0 5

5 0 0.2
0 5 0.2
5 5 0.2
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Example 3.11
shown in Figure 3.43(b).

Assume the transistor parameters are: 8 = 50, Vpr(on) = 0.7V, and Vg(sat) =
0.2V. Let R = 1k and Ry = 20kS2. Determine the currents and output voltage for
various input conditions.

Objective:

Vec=5V

Determine the currents and voltages in the circuit

Iy
v ‘é'[ V2

—AW,

0¥,
Ry ):JIQ
o

——

2

Ip

The following table indicates the equations and results for this example.

Solution:
Condition V), Ip O 0,
V1=0, SV 0 ]BI=ICl:0 IBQZIC'z:O
Vy=0
V=35V, 02V 5-02 _5-07_ Ipp =1y =0
At =448mA  Ip =" =0215mA

IC] = IR = 48mA
V] :0, 0.2V 4.8 mA IBl :ICI =0 132 = 0.2[5mA
V2:5V ICZ:IR:4.8HIA
V=5V

I
Io) = ?R = 2.4mA

Iey = %i = 2.4mA

RN ST I

Electronics I, Neamen 3th Ed.
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Transistor Circuit Application: Digital Logic

Example 3.12 Objective: Determine the dc voltage transfer characteristics and
then the amplification factor of the circuit shown in Figure 3.44(a).

Assume the transistor parameters are: 8p = 100, ¥V, = oo, Vgg(on) =0.7V, and
Vep(sat) = 0.2V,

DC Solution: Forv; < 0.7V, Qiscut offand vo = 5V. Forv; > 0.7V, Q turns on and

is biased in the active region, so that S v (V)| Cutoff
o~ Vpe(on) vy —0.7 ’ \
5= R, ~ 100k sc] Remak F
The output voltage is o -1\ \ Forward-active
- 10010 | mode
VO — V+ i iCRC == V+ - ﬁFiBRC Vi o Rsf_\ftg?\, B !
R
or ! .
i Saturation
V; — 07 = 02 1, || : I [
=5— (100 4kQ)=78—-4
Vo ( )[ IOOkQ}( ) vy 6 07 19

This equation is valid for v; > 0.7V and vy > Vg(sat) = 0.2V. The input voltage for
vo = 0.2V is found to be v; = 1.9V. Now, for v; > 1.9V, the transistor is biased in

saturation and the output voltage is constant at 0.2 V. The voltage transfer character-
istics are shown in Figure 3.44(b).
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AC Solution:

Now bias the transistor in the center of the active region with an input

voltage of vy = Vg = 1.3 V. Also include a second input voltage source, denoted as Av;
in Figure 3.45(a). The dc output voltage is 2.6 V, which is the Q-point of the transistor.

Fr=35V

Yo
A g=100k2
[O
Ve L B
=1'3V-f

(a)

Vo(v:“l

5

A‘I’o |

Time @

(c)

Yo (V) }
3 :
!
i
i__ -\ - Q-pﬂinl
o
.
1 1
I 1 I 1 1
0 1 2 3
v (V)
ﬁVI
Time
(b)
AVO
A, = Ao
Q-point "1
‘PI/ 1 1
2 3
vy (V)
AVI
Time

(a) The inverter circuit with both a dc and an ac input signal; (b) the dc voltage
transfer characteristics, @-point, and sinusoidal input and output signals; {c) the transfer

characteristics showing improper dc biasing

RN ST I

Electronics |, Neamen 3th Ed.
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Single Base Resistor Biasing

Design Example 3.13 Objective: Design the circuit shown in Figure 3.50(b) to
yield a given Iy and Vg,

Assume that Ve = 12V, = 100, and Vgg(on) = 0.7 V. The Q-point values are to
be ICQ = 1 mA and VCEQ =6V.

Solution: The collector resistance can be found from

Vee = Vegp 12-6
R, = = —
C ICQ 1 6k

The base current must then be

7 ___ICQ__II‘HA
5278 T 100

= 10pA

and the base resistance is determined to be
V..?'
R _ VCC e VBE(On) . 12 e 07
5= Tno " 10pA

=1I3MQ =+

Comment: Although a value of 1.13MQ for Ry will establish the required base cur-
rent, this resistance is too large to be used in an integrated circuit.
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Q-Point

O Using the same values of the resistances, the shift of Q-point is significant due to the
variation of the value of f.

Vee — Vgelon)

B

= 10 pA (unchanged)

IBQZ

Ico = Blgp = (S0)(10 pA) = 0.5mA

and
Verg = Vee — IcoRe =12 — (0.5)(6) =9V

ic (mAY g ic (mA) A
2 20 2k
15 o
Q-point ( § = 100 Q-point f =50)
1 T T —_——-10
fpp =10 HA s
: fr———————— e — —_———15
I 5 0.3 v Ipp=10pA
| / ————————————————— 5
| L. 1 1 I 1 1 I .
0 6 12 Yeg (V) 0 6 12 Yeg (V)
(@) (b)

Transistor characteristics and load line for the circuit in Example 3.13 when
{a) s =100 and (b) g =50
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Voltage Divider Biasing

Ry =R/R, Vin = lgoRm +Vge(ON) + (1+ ﬂ)IBQRE
VTH _VBE(On)

| =
Vi = R + RZVCC ° Ry +(1+ )R

| cQ — p BQ
VC'C
Re leg l, R.
Ce + R +
/¢ Verg AV Verg
N . — N
32
v, Cf) Y —
RE _ T i EQ i R r
L 1
(@) b)

{a) A common-emitter circuit with an emitter resistor and voltage divider bias
circuit in the base; {b) the dc circuit with a Thevenin equivalent base circuit
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Example 3.14 Objective: Analyze a circuit using a voltage divider bias circuit,
and determine the change in the Q-point with a variation in 8 when the circuit contains

an emitter resistor.
For the circuit given in Figure 3.53(a), let R} = 56kQ, R, = 12.2kQ, R, = 2kQ,
R =04KkQ, Ve =10V, Vpe(on) = 0.7V, and 8 = 100.

Solution: Using the Thevenin equivalent circuit in Figure 3.53(b), we have

and

R, 12.2
= Ve =[—2 W10y =1.79V
Vru (Rl +R2) cc (56—|— 12.2)( &)

Writing the Kirchhoff voltage law equation around the B-E loop, we obtain
VTH — VBE(OI]) . 1.79 = 0.7

Ipp = — 21.6 uA
BT R T +AR,  10+00)04) ~ O

The collector current 1s y
Icp = Blgp = (100)(21.6 pA) = 2.16 mA ()

and the emitter current is
Igg = (1 + Blpg = (101)(21.6 pA) = 2.183 mA
The quiescent C-E voltage is then

Vepo = Vee — IcoRe — TpgRg = 10 — (2.16)(2) — (2.18)(0.4) = 481V

These results show that the transistor is biased in the active region.
LR T Electronics I, Neamen 3th Ed.
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If the current gain of the transistor were to decrease to 8r = 50 or increase to
Br = 150, we obtain the following results:

Br Igo(nA)  Igg(mA)  Igg(mA)  Vegg(V)
50 35.9 1.80 1.83 5.67

100 21.6 2.16 2.18 4.81

150 15.5 2.32 2.34 4.40

For a3 : 1 ratio in B, the collector current and collector-emitter voltage change by only
a 1.29 : 1 ratio.

Comment: The voltage divider circuit of R; and R, can bias the transistor in its active
region using resistor values in the low kilohm range. In contrast, single resistor biasing
requires a resistor in the megohm range. In addition, the change in /-y and Vg with a
change in By has been substantially reduced compared to the change shown in Figure
3.51. Including an emitter resistor Rr has tended to stabilize the Q-point. This means
that including the emitter resistor helps to stabilize the Q-point with respect to varia-
tions in B.
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Bias Stability

The design requirement for bias stability 1s Ryy < (1 + B)Rg. Con-
sequently, the collector current, from Equation (3.38), becomes approximately

1 o BrH — Vpe(on)
CT 1+ PR,

Normally, 8 > 1; therefore, /(1 + B8) = 1, and

Now the quiescent collector current is essentially a function of only the dc
voltages and the emitter resistance, and the Q-point is stabilized against B
variations. However, if Rpy is too small, then Ry and R, are small, and excess-
ive power is dissipated in these resistors. The general rule is that a circuit is
considered bias stable when

RTH o 01(1 + ﬁ)RE
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Design Example 3.15 Objective: Design a bias-stable circuit.

Consider the circuit shown in Figure 3.53(a). Let Vee =35V, Re =1k,
Vge(on) = 0.7V, and g =120. Choose Rp and determine R; and R, such that the
circuit is bias stable and that Vegy =3V,

Design Pointer: Typically, the voltage across Ry should be on the same order of {
magnitude as Vgg(on). Larger voltage drops may mean the supply voltage V- has
to be increased in order to get the required voltage across the collector-emitter and v, {'::j)

across Re.
Solution:  With 8 = 120, Icp ~ Igy. Then, choosing a standard value of 0.51 kS for| Now 1
Rg, we find R =
Vir = (o2 Ve = (-2 )5 = 145V

I QVCC—VCEQ_ 5—-3 — 1.32mA R1+R2 R1+R2

@7 Rc+Ry 14051 or
The voltage drop across Rg is now (1.32)(0.51) = 0.673 V, which is approximately the R, 1.45
desired value. The base current is found to be =-—=0.288

R+ R, 5
I 1.32
Ip=-2="""211.0pA Also,
B 120
R1R2 R2

Using the Thevenin equivalent circuit in Figure 3.53(b), we find Rry = R TR, =6.05kQ =R, RiR = R;(0.288)

Ing = % which yields

+(+
mt 1+ B)Rg R =21kQ
Kor a bias-stable circuit, Rzy = 0101 + IRy, or
and
Ry = (0.1)(121)(0.51) = 6.17kQ
i = (0.1)(12D)(0.51) e
Then, From Appendix D, we can choose standard resistor values of R; =20k and
Veg — 0.7 -
Ipp = 11.0pA = TH Ry =8.2kQ.

6.17 + (121)(0.51)
which yields
Vg =0.74740.70 = 1.45V
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Positive and Negative Voltage Biasing

'EXAMPLE 5.18

Objective: Consider the analysis of a transistor circuit with an npn transistor biased
“with both positive and negative dc voltages. Consider the circuit shown in
“ Figure 5.61 in which the signal source is connected directly to the base of the tran-

: sistor.
 Solution: For the dc analysis, we set v; = 0 so that the base terminal is at ground

potential. We assume transistor parameters of 8 = 100 and Vgg(on) = 0.7 V.
The KVL equation around the B—E loop is

0= Vggr(on) + IEQRE + V-

or
—(V™ 4+ Vgg(on)) _ —(=5+0.7)

leg = R: 2
Now

B 100
ICQ = (m) ‘ IEQ = (ﬁ)(215) = 2.13mA

AKVL equation around the collector—emitter loop yields

vt = IcoRc +Veeo + IegRE+ V™

= 2.15mA

or
Veeg=(V" = V™) —IcoRc — IsgRE
=(5+5) — (2.13)(1.5) — (2.15)(2)

Vepg = 2.51V

LR TR S Electronics |, Neamen 3th Ed.

V=45V
Re=15kQ
US
Ry =2kQ
V=35V

Figure 5.61 Simple
transistor circuit biased with
both positive and negative dc
voltages
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EXAMPLE 5.19

Objective: Design a bias-stable pnp transistor circuit to meet a set of specifications,

Specifications: The circuit configuration to be designed is shown in Figure 5.63(a).;

The transistor Q-point values are to be: Vecg =7V, Icg = 0.5 mA, and Vre = 1V,

Assume transistor parameters of 8 = 80 and Vgg(on) = 0.7 V.
! Choices: Assume transistor parameters of = 80 and Vgp(on) = 0.7 V. Standard
- esistor values are to be used in the final design.

'SOlution: The Thevenin equivalent circuit is shown in Figure 5.63(b). The Thevenin
- equivalent resistance is Ryy = R{|| R, and the Thevenin equivalent voltage, mea-

* sured with respect to ground, is given by

VTH = (_IQL_)(V‘F . V'“) + Vk
R, + Ry

L (—R‘R2 )(v+ ~ V)4 VT
. Ri\ R+ R;
;" For Vee = 1 Vand Icp = 0.5 mA, then we can set
|
Re = 03 = 2k&2
- For a bias stable circuit, we want
Rry = LR O.D(1 + B)Rg
R+ R,

= (0.1)BD(2) = 16.2kS2

RN S TR A Electronics |, Neamen 3th Ed.



Then the Thevenin equivalent voltage can be written as

‘ 1 1

Vrg = —(16.2)[9 — (9] + (—9) = —(291.6) — 9
Rl Rl

' The KVL equation around the E-B loop is given by
V¥ =1IggRg + Veglon) + IpgRru + Vry

The transistor is to be biased in the forward-active mode so that Igp = (1 + B)Ipgp.
We then have

Vvt = (1 +B)ppRg + Veg(on) +IgoRry + Vry
For Icg = 0.5 mA, then Ipp = 0.00625 mA so we can write

9=(81)(0.00625)(2) + 0.7 4+ (0.00625)(16.2) + %(291.6) -9
1

Wefind R} = 18.0k2. Then, from Ryy = Ry||R2 = 16.2 k2, we find R, = 162 k2.

For Icg = 0.5 mA, then Igp = 0.506 mA. The KVL equation around the E-C
foop yields

V¥ =IgoREe + Veco + IcoRc + V™
- or
9= (0.506)(2) + 7 + (0.50)R¢ + (=9)
which yields
R 20kD
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Integrated Circuit Biasing

O For integrated circuits, we would A
like to eliminate as many resistors
as possible since, in general, they Re
require a larger surface than
transistors. Qo
V=45V
Rp
e
- R(_’_‘
-
Bipolar : 0
fransistor biased with a | @
O_ | R1+V (On) +V— constant-current source =
=h BE IligRl Rg
_ Fer =1
— on)+V = l c2=1p
|, = (Vee (ON) ) Reference current
Rl ft:'Llv
i =le+ g +lg =l + 25, o o,
A~ — K
— | 2|C2 -1 2 | p Ip3
=lco T ﬁ —("'E) Cc2 l
2 V=5V
l.,=1,/(1+—=) =1
c2 1 ( ) 1 Constant-current source biasing
51
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Example 3.16 Objective: Determine the currents in a two-transistor current

source.

For the circuit in Figure 3.57, the circuit and transistor parameters are: R, = 10k,

B =50, and Vgg(on) =0.7V.

Solution: The reference current is

1

From Equation (3.45), the bias current I is

e — 0.413mA

ler=1lo = N\ 2
(1+3) (+2)

The base currents are then

I, 0.413
IBI = [B2 :%:T: 826}J.A

Comment: For relatively large values of current gain 8, the bias current I is essen-

tially the same as the reference current /.

LR TR S Electronics |, Neamen 3th Ed.
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Multistage Circuits

Example 3.17 Objective: Calculate the dc voltages at each node and the dc cur-
rents through the elements in a multistage circuit.

For the circuit in Figure 3.59, assume the B-E turn-on voltage is 0.7V and g = 100
for each transistor. +5V

R;y = Ri|IR, = 10050 = 33.3k®
Vg = ( Iff )(10) 5= (5—0)(10) ~5=-167V

150

Vg = Ig Rrg + Vg(on) + Ig Ry — 5

—-1.67+5—-0.7
= 11.2 uA
B=33310000 " i
Irp = 1.12mA -5V
______________________________________________________________ +H5Y
Ip) +1p = Iy
5— Vg, 5V
RCI +132 IC] — 5C1+|32:1'12
Iy _ 5—Vey 5—(Va+07) | _5-V-07

Ip = = = =
U148 (1+BRn (1+PRp 7 101x2
—1,,=0.0237mA, |, = 2.39mA i
V., =-0.48V, V., =5-2x2.39=0.22V

Iz, l Rp =2kG  fes ,||, % Ren= 15k

V., =-5+1.5x2.37 = ~1.445V s
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EXAMPLE 5.22

Objective: Design the circuit shown in Figure 5.69, called a cascode circuit, to meet

[ ¥

the following specifications: Veg) = Vegr =25V, Vg =0.7V, Ic1 = I =
hllA, and IRl = IRZ = 1R3 = 0.10 mA

-Solution: The initial design will neglect base currents. We can then define /g, =
. IR] =lpy = Ipz = 0.10 mA. Then

Ri+R+ Ry = A = ) = 90 k<2 Vi=49V
‘. IBias 0.10 I
The voltage at the base of Q| is
Vel = Vrg + Vae(on) =07+ 0.7 =14V gR;
Then c, o
Ry = I‘;B‘ - % = 14k i I R,
The voltage at the base of Q5 1s - Ce § = L
Ver = Veep + Veg1 + Vpg(on) =0.74+254+07 =39V | 0,
Then
Ry, = ] = 39— 14 = 25k ! CD §R3 R JRE
IBias 0.10 -
We then obtain = T

Ry =90 -25-14 =51kQ

LR TR S Electronics |, Neamen 3th Ed.
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The emitter resistor Rg can be found as

Vee 0.7

Ici

The voltage at the collector of Q5 is
Ver = Ve + Ver1 + Ve, =07 +254+25=57V
Then
VIt =V 9-57

e 1

Comment: By neglecting base currents, the design of this circuit is straightf
A computer analysis using PSpice, for example, will verify the design orsh

small changes need to be made to meet the design specifications.

We will see the cascode circuit again in Section 6.9.3 of the next chapter.i
One advantage of the cascode circuit will be determined in Chapter 7.
code circuit has a larger bandwidth than just a simple common-emitter ampli
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